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Abstract 
A small oil field in the north of Thailand has medium viscous and low gas-content heavy oil.  Since conventional production 
methods are ineffective, thermal recovery is potentially suitable to enhance oil recovery for this reservoir. In -situ combustion is a 
complex EOR process used for medium to heavy crude oils. The process involves the multi-phase fluid flow through porous 
media with chemical and physical transition of the crude oil components under high temperature and pressure conditions. The 
simulation results with STARS were investigated by conducting a number of sensitivity studies with varying the parameters like 
gridblock sizes, air-injection rates, oxygen concentrations, and injected air temperature. The 0.5m-block size was chosen due to 
the optimum running time with acceptable accuracy. From the results, it can be concluded that changing injection rate from 100 
Mscf/d to 400 Mscf/d does not significantly affect cumulative oil production – less than 6% incremental recovery. Increase 
oxygen concentration from 29% to 100% shows an increase in 40.67% oil production. Moreover, if the injected fluid temperature 
is increased from 80˚F to 500˚F, total oil production increases 97.14%. Furthermore, optimal operating conditions to enhance 
recovery of oil were also studied. 
1. Introduction 
Owing to the high demand of oil recently, the prices of oil are increasing and the light oil reserves are declining. 
Therefore, unconventional oils such as heavy oil and bitumen are of primary interest as new sources of energy in the 
future. Although the resources of unconventional oils in the world are more than twice those of conventional light 
crude oil (Dusseault, 2001), many current technologies cannot satisfy their efficient production even with high oil 
prices. 
The main challenge of heavy oil production is the high viscosity of the oil. The conventional methods for this 
kind of oil are not suitable. Accordingly, effective technology used for heavy-oil production nowadays is thermal 
recovery such as cyclic steam stimulation, steam flooding, steam assisted gravity drainage (SAGD) and in -situ 
combustion (Lyons and Plisga, 2005). 
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In-situ combustion is a thermal process in which thermal energy is generated in the reservoir by combustion. 
Recovery mechanisms include viscosity reduction from heating, vaporization of fluids, and thermal cracking. In the 
heating and  combustion  that  occur  at high  temperature up  to 1100  °C  (Farouq  Ali  et  al.,  1997), the lighter 
components of the oil are vaporized and move ahead. Depending on the temperature attained, thermal cracking may 
occur, and light hydrocarbons from this reaction also move downstream. Part of the oil is deposited as a coke-like 
material on the reservoir rock, and this solid material serves as the fuel in the process. Thus, as oxygen injection is 
continued, a combustion front slowly propagates through the reservoir, with the reaction components displacing 
vapor and liquids ahead toward production wells. An example of this method is shown at Mehsana (Doraiah et al., 
1986) and Bellevue Field Project (Long and Nuar, 1982). An application of in-situ combustion is Toe to Heel Air 
Injection  (THAI)  technology  developed  by  Petrobank  Energy  and  Resources  Ltd.  This  is  a  very  new  and 
experimental method that combines a vertical air injection well with a horizontal production well in a single system 
(www.petrominerales.com). 
However, a major problem of in-situ combustion is the control of the movement of the combustion front (Lyons 
andPlisga, 2005). Depending on the reservoir characteristics and fluid distributions, the combustion front may move 
in a non-uniform manner through the reservoir, with resulting poor volumetric sweep. Also, if proper conditions are 
not maintained at the combustion front, the combustion reaction can weaken and cease completely. The process 
effectiveness is lost if this occurs. 
The parameters such as air-injection rates, oxygen concentrations, and injected air temperature play a significant 
role for in-situ combustion process because they can control the sustainability of the combustion front. Therefore, 
the objectives of this work are to investigate the effects of those parameters on the production of heavy oil, as well 
as to find the optimal conditions to enhance the efficiency of oil production by using reservoir simulation. 
 
1.1. Characteristics of Reservoir and Heavy Oil 
 
Characteristics of heavy oil from the north of Thailand can be concluded as shown in Table 1 (Sirisawadwattana 
et al., 2012). This formation is unconsolidated sandstone formation with permeabilities averaging 500 md containing 
medium heavy oil with  viscosity around 54 cP. In-situ combustion  is one of the candidates for  effective oil 
production for this type of reservoir as its properties are within the recommended range suggested by Taber et al. 
(1997). 
 
Table 1. Characteristics of reservoir and fluid 
 
Characteristics of Oil and Reservoir Value 
Porosity (%) 18-35 
Permeability (md) 500 
Initial oil saturation (%) 55 
Initial reservoir pressure (psia) 1430 
Initial reservoir temperature (oF) 140 
Oil gravity (oAPI) 17.2 
Oil viscosity at reservoir conditions (cP) 53.7 
 
2. Simulation Model 
 
STARS, one of the simulators widely used for thermal process modeling today, is selected to simulate this system 
for  in-situ  combustion.  The mathematical  description  of the model  is based  on  an  in-situ  combustion  model 
developed by Coats (1980). The formulation is considered general because it can be used with any number and 
identities of components, distributed in any phases (water, oil, gas and solid). Furthermore, this model does not use 
any assumptions regarding degree of oxygen consumption. The oxygen concentration is calculated throughout the 
reservoir. It also simulates the effects of oxygen bypassing caused by kinetic-limited combustion. 
The comparisons of the model results with the experiment from Smith and Perkins (Coats, 1980) were also 
studied. The simulations have shown consistency with the experimental results. Therefore, a simple vertical tube 
model will be applied to study the effect of parameters for in-situ combustion for this work. 
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2.1. Verification of Simulation Model 
A simple vertical model as mentioned above is applied to use with the data of this reservoir as shown in Figure 1. 
The result showed the applicability of the model to create the in-situ combustion at different stages in this reservoir. 
Furthermore, a sector of reservoir was set to investigate further as presented in Figure 2. It can be explained from the 
figure that a reservoir with 50m-length and 5m-height (164ft x 16.4ft) was used as a simple, homogeneous 2D 
model with constant porosity and permeability. The blue layers at top and bottom of the model were specified as 
zero porosity representing shale layers. Each shale layer was 60cm. (1.968 ft) high. The producer and injector were 
in  the left and right side, respectively. The model developed the temperature profile  of combustion  from the 
reservoir. It was shown in Figure 3 that the dark blue grids represented the lowest temperature, the reservoir 
temperature of 140ºF. The light blue-green grids showed where the first ignition took place and the temperature at 
these blocks was about 1,000 ºF. 
Figure 1. A simple vertical model 
Figure 2. Applied model for whole range of reservoir 
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Figure 3. Temperature distribution for combustion developed from model 
 
3. Simulation Results and Discussion 
 
From the model, sensitivity studies of the parameters were studied. The parameters were grid size, air -injection 
rates, oxygen concentrations and injected air temperature. 
 
3.1. Effect of Grid Size 
 
Grid size played an important part in simulation result in term of time-consumption and accuracy. The smaller 
grid size, the more accurate results can be obtained but the more computation time consumed. At this point, 1m, 
0.5m and 0.25m-grid size were investigated and, as presented in Figure 4, the result showed that the grid size of 
0.5m and 0.25m provided results of cumulative production close to each other with less than 8% difference. But a 
grid size at 1m offered less amount of production for 85% compared to that of 0.25m-grid size. One more interesting 
fact is that the 0.5m-grid size model used less time-consumption for 83% compared to that of 0.25m-grid size. 
Consequently, the model of 0.5m-grid size was selected to study further for other parameters due to acceptable 
accuracy at less running time. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Effect of grid size on cumulative production 
 
3.2. Effect of Injection Rate 
 
The air injection rates used for this study were 100, 200 and 400 Mscf/d. The effects of air injection rate on 
cumulative oil production and ignition time presented in term of temperature profile and position of ignition were 
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illustrated in Figure 5 and 6, respectively. From Figure 5 it can be concluded that injection rate has little effect on 
the cumulative production because production can increase very little, up to 6%, corresponding to position of fire 
ignition in the reservoir presented in Figure 6. Higher injection rate provides more oxygen to react with oil. In this 
case it takes less time for reservoir to reach the auto-ignition temperature, but together with faster movement of 
oxygen front the ignition positions are relatively the same. The air injection rate at 100 Mscf/d is, then, used for 
further investigation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Effect of air injection rate on cumulative oil production 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a.)                                                                                                                                                                       b.) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
c.) 
 
Figure 6.Temperature distribution at different air injection rate a.)100 Mscf/d b.)200 Mscf/d c.)400 Mscf/d 
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b.) 
  
d.) 
 
3.3. Effect of Oxygen Concentration in Injected gas 
 
For this study, the oxygen concentration in injected gas varied at 4 different values, 29 (air), 50, 75 and 100%. 
The results of this parameter were presented in Figure 7 and 8. As shown in Figure 7, the cumulative oil production 
can be enhanced significantly with the increase of oxygen concentrations because higher oxygen content gave 
higher amount of oxygen molecules to react with the oil, leading to more energy released from the reaction. This 
meant that the reservoir temperature will reach the auto-ignition temperature early. For this model, normal air, 
containing 29% of oxygen, is too low to generate the ignition at early time. According to Figure 8, the ignition 
occurred near the producer instead of injector causing limited amounts of improved oil. Compared to 50%, 75% and 
100% of oxygen, where the ignition took place near the injector, thus resulting in increased improved oil recovery 
beyond the combustion front to be produced. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Effect of oxygen concentration in injected air on cumulative production 
 
 
 a.) 
 
 c.) 
 
Figure 8.Temperature distribution at various oxygen concentration a.)29% b.)50% c.)75% d.)100% 
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3.4. Effect of Injected Air Temperature 
Temperatures of injected gas were studied at 80, 300 and 500 ºF in order to determine how preheating process 
affected combustion underground. The results were presented in Figure 9 and 10. It was obvious that temperature of 
injected air had a significant effect on ignition and oil production as shown in Figure 9. In addition, increasing 
temperature  of  the  injected  air  reduces  ignition  time.  Normally,  without  preheating,  increasing  the reservoir 
temperature to auto-ignition temperature will take time and ignition will occur at some distance beyond the injector. 
Figure 10 exhibited the distance where the auto-ignition occurs for 80, 300, 500ºF. For injected fluid at 80ºF, the 
ignition took place at middle of the model whereas at higher temperature ignition can start near injection well. 
Therefore, preheating of injection air is required to control the initial location of ignition, especially when the 
reservoir temperature is low like in this field. 
Figure 9. Effect of injected air temperature on cumulative production 
a.)                                                                                                                                                                        b.) 
c.) 
Figure 10.Temperature distribution at different injected air temperature a.)80ºF b.)300ºF and c.) 500ºF 
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3.5. Optimal Operating Conditions 
 
From previous results, adjusting parameters were required to obtain optimal operating conditions. 
Because injection rate has minor effect on cumulative production, decreasing 50% of injection rate after ignition 
was selected. High injected fluid temperature was required to reduce ignition time. However, it was not necessary to 
maintain high temperature at all time. Injected fluid temperature was reduced from 300 ºF to 80 ºF after ignition had 
started. Moreover, oxygen concentration was the key of combustion process in that the smaller number of oxygen 
molecule reacted, the lower heat will be released. 
Figure 11 shows the comparison between base case and test cases for optimized conditions by changing injection 
rate, injected air temperature and oxygen concentration. Although the recovery was not as fast as in the base case, 
decreasing injection rate from 100 Mscf/d to 50 Mscf/d and injected air temperature from 300 ºF to 80 ºF after 
ignition did not change the total oil production. This is because the combustion reaction rate, even in these test 
cases, was already at its maximum limit. Higher injection rate and temperature beyond these points would not 
improve the results. 
Decreasing oxygen concentration from 50% to 29% after ignition, in contrast, resulted in lower cumulative 
production. The reason is that heat released from combustion reaction was less, as clearly displayed in Figure 12. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11. Cumulative production of base & test cases 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a.)                                                                                                      b.) 
 
 
Figure 12.Temperature distribution on optimization conditions a.) Maintain oxygen concentration at 50% all over injection per iod 
b.) Decrease oxygen concentration to 29% after ignition 
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4. Conclusions 
 
Production of medium-heavy oil in the North of Thailand can be predicted by using preliminary study. 
Conventional methods cannot produce oil effectively with this type of oil. In -situ combustion process seems to fit 
with medium to heavy crude oils. The process had to deal with the multi-phase fluid flow through porous media 
with chemical and physical transition of the crude oil components under reservoir conditions. The simulation with 
STARS investigated the effects of parameters such as block sizes, air-injection rates, oxygen concentrations, and 
injected air  temperature. The 0.5m-block size  was selected owing to the optimum running time with reliable 
accuracy. From the results, it can be concluded that an injection rate increase from 100 Mscf/d to 400 Mscf/d does 
not  significantly  affect  cumulative  oil  production  –  less  than  6%  incremental  recovery.  Increased  oxygen 
concentration from 29% to 100% caused an increase in 40.67% oil production. Furthermore, the injected fluid 
temperature increase from 80˚F to 500˚F, caused a total oil production increase to 97.14%. In addition, optimal 
operating conditions were adjusted to enhance recovery of oil production. The optimum production can still be 
obtained as long as the process is at the maximum limit of combustion kinetics. 
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